We compare the sequences for the mitochondrial cytochrome oxidase II gene of 13 species of the Drosophila obscura group. The survey includes six members of the D. afinis subgroup, four of the D. pseudoobscura subgroup, and three of the D. obscura subgroup. In all species, the gene is 688 nucleotides in length, encoding a protein of 229 amino acids plus the first position T of the stop codon. The sequences show the typical high-transition bias for closely related species, but that bias is essentially eliminated for species pairs of >5% sequence divergence. The phylogenetic relationships in the species group are inferred using both neighbor-joining and maximum parsimony. The two procedures give comparable results, showing that the D. afinis and D. pseudoobscura subgroups are monophyletic groupings that appear to have closer affinities to one another than either has to the D. obscura subgroup. We use transversion distances to estimate times of divergence, on the basis of three different estimates of the time of separation of the D. obscura species group from the D. melanogaster group. If that event occurred 35 Mya, then we can estimate the origin of the nearctic forms at -22 Mya and the separation of the D. afinis and D. pseudoobscura subgroups at -17 Mya.
Introduction
Members of the Drosophila obscura species group have served as a paradigm for evolutionary studies for >50 years. Dobzhansky exploited the fertility of female hybrids between D. pseudoobscura and D. persimilis (known then as "races" A and B, respectively, of D. pseudoobscura) to study the genetics of speciation (Provine 198 1) . Since that time, D. pseudoobscura has been studied extensively for chromosomal polymorphism (Anderson et al. 199 1) and many other aspects of their biology ( Lakovaara and Saura 1982) . The European species, D. subobscura, has played much the same role among European workers (reviewed in Krimbas and Loukas 1980) . Traditionally, species in the D. obscura group have been divided into two subgroups, the D. obscura and D. afinis subgroups, based primarily on morphology (Buzzati-Traverso and Scossiroli 1955) . The original D. obscura subgroup had both Palearctic and Nearctic members. Recent evidence suggests that the North American members of this subgroup are distinct from their Old-World counterparts (Lakovaara and Saura 1982) , and they are now placed in the D. pseudoobscura subgroup. Table  1 gives the current taxonomic classification of the D. obscura species group and lists the 13 species examined in the present study. The D. obscura group encompasses all 1. Key words: molecular evolution, mitochondrial DNA, Drosophila pseudoobscura, cytochrome oxidase II.
Drosophila obscura Group Mitochondrial CO11 62 I aqueous phase was again removed, and 2 vol of 95% ethanol (at -20°C) was added to precipitate the DNA. The DNA was then pelleted, washed twice with 70% ethanol (at -2O"C), dried under vacuum, and redissolved in 20-50 ul sterile distilled HZO.
PCR and Sequencing
Primers used for amplification were based on the published sequences of the D. yakuba tRNhEu( uuR) and tRNALYS, which flank the CO11 gene (Clary and Wolsenholme 1983 ) . These primers amplify an 850-bp fragment that includes the entire CO11 gene. Sequences of these, as well as of three internal primers used only for sequencing, are given by Liu and Beckenbach ( 1992 ) . An additional internal primer (A-30 l-5 ' GGTCATCAATGATATTGAAG), oriented 5 '-3' in the direction of transcription, was also used for sequencing in this study.
Unbalanced (single-strand) PCR amplification of the entire CO11 gene was carried out in 50-~1 reactions, using 4 ~1 of the extracted DNA samples and a 100 : 1 ratio of the two end primers. We followed the protocol provided with the GeneAmp PCR kits (Perkin Elmer Cetus). Thermal cycling was accomplished in an Ericomp programmable cyclic reactor, for 35 cycles. Each cycle consisted of 95°C denaturation (30 s), 52°C annealing (30 s), and 72°C extension ( 1 min).
The amplified products were purified on Amicon 30 microconcentrators, and 7 ~1 of purified product was used in each sequencing reaction. Templates were sequenced using the Sequenase II (United States Biochemical Corporation) dideoxy sequencing protocol. The sequencing reactions were labeled with 35S-dATP and were autoradiographed. One strain each of D. miranda and D. azteca was sequenced on both strands, using both A and B primers. Sequences for all other species and strains were determined from one strand and were aligned and compared with those of D. miranda and D. azteca. Sites that differed were rechecked on the autoradiographs.
Analysis
For 10 of the 13 species studied, two or more individuals were independently extracted, amplified, and sequenced. Outgroup comparisons were made with the published CO11 gene sequences of D. melanogaster (de Bruijn 1983) and D. yakuba (Clary and Wolstenholme 1983 ) , both of the D. melanogaster species group. Sequences were compared for intraspecific variation by using the eyeball sequence editor, ESEE (Cabot and Beckenbach 1989) . Translations to amino acid sequences used the Drosophila mitochondrial code (de Bruijn 1983) . Phylogenetic analysis was conducted using DNAPARS, version 3.4, of PHYLIP (Felsenstein 1989) and neighbor-joining analysis (Saitou and Nei 1987) using NJTREE (version 2.0; N. Saitou and L. Jin, personal communication) and NJDRAW (version 1.0, N. W. H. Ferguson, personal communication) .
Bootstrap analyses of the neighbor-joining trees were carried out using NJBOOT2 and TREEVIEW (versions 1.03 and 1.4, respectively; K. Tamura, personal communication ) . Sequence distances were corrected using the Jukes-Cantor formula (Jukes and Cantor 1969 ) . For analyses involving only transversion distances, we used a modified form of their formula: d = -%ln ( 1-2~)) where d is the corrected distance and p is the frequency of observed transversion differences.
Results
The complete nucleotide sequence of the CO11 gene for one individual of each of 12 of the 13 obscura group species is given in figure 1 . The published sequences of the Drosophila melanogaster and D. yakuba CO11 genes (Clary and Wolstenholme 1983; de Bruijn 1983) are included for comparison. The CO11 gene sequence of the three strains of D. persimilis was identical to that observed in two of the D. pseudoobscura individuals and is therefore not shown separately. In all of these D. obscura group species, the CO11 gene consists of 688 nucleotides, encoding 229 amino acids, plus the initial T of the termination codon. In none of the species are the second and third positions of the stop codon encoded in the DNA. These CO11 gene sequences are three nucleotides longer than those of D. melanogaster (de Bruijn 1983) and D. yakuba (Clary and Wolstenholme 1983) . The difference can be represented as a single-codon indel between the sequences of the two species groups at position 673 ( fig. 1) . The sequence has a high proportion (73%-75%) of A+T, as has been observed in other Drosophila species DeSalle et al. 1987) . The high A+T ratio is due, in part, to a low frequency of codons ending in G or C. Analysis of the codon usage of the sequences in figure 1 shows that, on average, only 16 of the 229 codons end in either G or C. In addition, 30 of the amino acids in the D. obscura CO11 gene are leucine, which can accept a silent first-position transition.
Of those, 23-28 start with T rather than with C. It is in this region that the one-codon indel difference between the D. obscura and D. melanogaster species groups has occurred ( fig. 1 ).
Intraspecific Variation
Two to four strains were sequenced for 10 of the 13 species studied here. The intraspecific variation in these species was ~0.3%. No variation was observed either among the three strains of D. persimilis or between the two strains of D. ambigua. This observation does not necessarily imply that no variation exists in these species, because, for each species, the progenitors of the strains were collected at a single locality on a single day and may have been siblings. The D. ambigua strains examined are both from North America and are descendants of an apparently recent and perhaps small founder event (Beckenbach and Prevosti 1986 ). The D. pseudoobscura strains were obtained from two different localities. The CO11 gene sequence from one strain from British Columbia was identical to that from a strain from Colorado. The other two strains, one from each of the two localities, differed from the other strains and from each other at two to four nucleotide sites in pairwise comparisons.
Of 20 intraspecific substitutions observed, 17 were silent transitions, 1 was a silent transversion, and 2 were transitions resulting in conservative valineeisoleucine amino acid replacements.
Interspecific Divergence
Corrected divergences (Jukes and Cantor 1969) were calculated for all pairwise combinations of species (table 2, above the diagonal). The number of transition and transversion differences is given below each entry. Divergences range from O%, between the sibling species D. pseudoobscura and D. persimilis, to > 1 l%, between D. tolteca and D. bifasciata. In comparison, the average divergence between two members of the D. melanogaster species group and the members of the D. obscura species groups is 11.4%, when the length difference is ignored. Pairwise divergences of inferred amino acid sequences are also given for members of the D. obscura group in table 2, below the diagonal.
Discussion
An enormous amount of information has been amassed concerning the evolutionary relationships of the Drosophila obscura group (reviewed in Lakovaara and Saura 1982 ) . This information includes morphological and behavioral relationships and results from extensive interspecific hybridization studies and genetic studies, including chromosome structure, gene homologies, and allozyme evolution. Species relationships in the group range from true sibling species, D. pseudoobscura and D. persimilis, which show virtually no discernible morphological differences and are capable of forming fertile female hybrids, to well-differentiated species groups that differ substantially in morphological, behavioral, and chromosomal characteristics. The D. obscura group thus provides a window on the dynamics of the early stages of divergence.
Evolutionary
Constraints on the CO11 Gene Before sequence data can be used for phylogenetic analysis, it is essential to examine the evolutionary constraints on the sequences. Table 3 shows the variable sites classified by codon position and degeneracy level. There are 30 leucine codons in the CO11 gene of the D. obscura group, accounting for the twofold-degenerate firstcodon positions. More than half show both transitional forms, C and T, among the 13 species examined. All of the variants in the first position of the leucine codon are silent; 10 of the other 199 first-codon positions have variants that give rise to inferred amino acid replacements.
Only 3 of the 229 second-codon positions vary. Two, at positions 673 and 676, are in the short variable region near the end of the gene ( fig.  1 ) . Of the 229 third-codon positions, 108 are varied. All substitutions at those positions were silent. Almost half of all first-and third-codon positions that can undergo silent substitutions do so within the D. obscura group. A strong transition bias for nucleotide substitutions between very closely related mtDNA sequences, as well as the loss of this bias between more distantly related taxa, has been repeatedly observed. The probable causes for these features have been discussed elsewhere (Brown et al. 1982; DeSalle et al. 1987) . These phenomena are seen in the D. obscura CO11 gene comparisons as well. The upper graph in figure 2 gives the proportion of changes that are transitions as a function of divergence. The large variance at low divergence levels is due to the small number of substitutions in those comparisons.
For divergences >5%-6%, the transition : transversion ratio becomes nearly 1. The excess of transitions at low divergences is also evident in the intraspecific variation:
19 of 20 intraspecific differences were transitions, including 2 that resulted in inferred amino acid replacements.
The lower graph in figure 2 shows the relation between divergences based on all substitutions and those based solely on transversion differences.
The consistent finding of high A+T content in Drosophila mtDNA (Clary and Wolstenholme 1983; DeSalle et al. 1987; Garesse 1988) suggests that there are selective pressures maintaining the imbalance.
As DeSalle et al. ( 1987) noted, any transition occurring at a site with an A or T will lower the A+T content and may therefore be subject to purifying selection. All differences observed at the 170 twofold-degenerate sites are transitions.
In contrast, 30 of the 89 fourfold-degenerate sites differ only by transversions, while 10 have only transition differences (table 3 ). An additional 17 sites show both transitions and transversions.
Of the 30 sites having only transversion differences, 29 have A+-+T transversions and one has a G-T transversion.
Wolstenholme and observed a similar excess of A++T transversions at fourfolddegenerate sites, in their comparisons of protein-coding sequences in D. yakuba and D. melanogaster. This observation suggests that silent transversions, A-T, where they can occur, are subject to fewer adaptive constraints than are transitions that lower the A+T content. It also lends indirect support to the conjecture of DeSalle et al. ( 1987) that selection for high A+T content may be a factor limiting the number of transitions that can be accepted.
Phylogenetic
Relationships among the Subgroups
The upper tree in figure 3 shows the neighbor-joining tree (Saitou and Nei 1987 ) based on the divergences above the diagonal in table 2. Published sequences of the CO11 gene from D. melanogaster (de Bruijn 1983) and D. yakuba (Clary and Wolstenholme 1983) , both of the D. melanogaster species group, are included as an outgroup. Parsimony analysis produced three minimum trees. These trees differed both from the neighbor-joining tree and from one another by several rearrangements within the D. afinis subgroup. All three most parsimonious trees clustered D. narragansett with D. tolteca but differed in the placement of other members of the subgroup. The branch points within this subgroup are not strongly supported by the bootstrap neighbor-joining analysis ( fig. 3, top) . Several major features of the relationships depicted in the lower tree in figure 3 correspond closely to our prior understanding of the relationships among these species. The D. afinis subgroup forms a compact, monophyletic grouping ( supported in 100% of 1,000 bootstrapped samples). The D. pseudoobscura subgroup also forms a monophyletic grouping (supported in 79% of 1,000 bootstrapped samples). One aspect of the phylogenetic relationships found here differs from the traditional classification:
the clustering of the D. pseudoobscura subgroup with the D. afinis subgroup, rather than with the European, D. obscura subgroup. The clustering of the Nearctic subgroups is supportedin 80% ofbootstrapped samples( fig. 3, top) . Traditional taxonomy divided the D. obscura group into only two subgroups: D. obscura and D. afinis ( Buzzati-Traverso and Scossiroli 1955) . The former included both the North American (D. pseudoobscura subgroup) and the European members. Lakovaara and Saura ( 1982) found sufficient differences between the European and American members to warrant separation into separate subgroups. Their tree, based on allozyme data and constructed using UPGMA clustering, shows the D. pseudoobscura and D. afinis melanogaster   FIG. 3. -Top, Neighbor-joining tree of 13 species of the Drosophila obxuru group, using total nucleotide divergence. Drosophila melunoguster and D. yukubu are included as outgroups. Bottom, Neighbor-joining tree, using only transversion substitutions. Branch lengths are given as substitutions/ 100 nucleotide positions, and the bootstrap results are shown in circles. The bootstrap values are percentages for 1,000 replicates. subgroups clustering. Latorre et al. ( 1988) confirmed the close relationship between the two North American subgroups by using restriction analysis of mtDNA, and Goddard et al. ( 1990) arrived at the same conclusion on the basis of hybridization of single-copy nuclear DNA. In retrospect, it is rather easy to rationalize this shift in our understanding of the major phyletic relationships in the D. obscura group. The major morphological characters distinguishing the D. afinis subgroup from the other two subgroups are the number of rows of acrostical bristles, the reduction of the distal sex comb in the males of the D. afinis subgroup to a single tooth, and the coiling of the testes in that subgroup. As Lakovaara and Saura ( 1982) have pointed out, there are exceptions to the latter two criteria.
Perhaps the clearest support for the molecular relationships comes from chromosome structure. All members of the D. afinis subgroup have identical metaphase chromosome configurations, except for a polymorphic Y-autosome fusion in some populations of D. athabasca (Paika and Miller 1974; Lakovaara and Saura 1982) . Within the D. pseudoobscura subgroup, D. lowei differs from the basic D. pseudoobscura form by a single fusion (Heed et al. 1969) ) while D. miranda differs from D. pseudoobscura by a fusion of an autosome (the third chromosome) with the Y chromosome (Ma&night 1939) . The homologies of the chromosome arms of these two subgroups have been determined ( Sturtevant and Novitski 194 1) and appear to differ by only a few major rearrangements.
In contrast, members of the D. obscura subgroup show the greatest divergence, both within the subgroup and from the other two subgroups (Lakovaara and Saura 1982) . Thus, the differentiation evident in the metaphase chromosomes conforms closely to the relationships suggested by molecular analyses. Within the D. pseudoobscura species group, two strains of D. pseudoobscura were found to have CO11 gene sequences identical to that in the three strains of D. persimilis. } is identical to that predicted on the basis of other biological considerations (Heed et al. 1969 ). These branches are strongly supported by the bootstrap results, 96% and loo%, respectively. Drosophila pseudoobscura and D. persimilis can form hybrids of both sexes, from both reciprocal crosses; the hybrid males are invariably sterile (Patterson and Stone 1952, p. 389) . Crosses between males of D. pseudoobscura and females of D. miranda give hybrids of both sexes, but the reciprocal cross produces predominantly female hybrids; in either case, the hybrids are almost invariably sterile (MacKnight 1939; Patterson and Stone 1952, p. 39 1) . Crosses between D. pseudoobscura and D. lowei produce sterile hybrids of varying degrees of morphological abnormality (Heed et al. 1969) . Thus, the degree of differentiation evident from the hybridization results is reflected in the branching order inferred from the CO11 gene sequences.
Divergence Based on Transversions
The inclusion of observed transition changes in the analysis above introduces several sources of nonlinearity.
Divergences among closely related species are due primarily to transitions, while those among more distantly related species are weighted more heavily toward the rarer transversions.
Part of the reason is that transitions at silent sites approach saturation more quickly than do silent transversions. Perhaps more important, as was pointed out by Brown et al. ( 1982) , a transversion at a site erases any number of prior and subsequent transition events. The converse, however, does not occur. Irwin et al. ( 199 1) found transversion substitutions in the mammalian cytochrome B gene to be approximately linear for divergences ~80 Myr. DeSalle et al. ( 1987) used this fact in ordering the branch points of their phylogeny of Hawaiian Drosophila, using all changes for close relatives but using only transversions for more distant branch points. The lower graph in figure 2 shows the effect that ignoring transitions has on the calculated divergences. Biologically meaningful groups separate out much more cleanly when transitions are ignored ( fig. 2 , bottom, vertical axis) than when all substitutions are included ( fig. 2, bottom, horizontal axis). For example, transversion differences within the D. pseudoobscura subgroup are less than any between-subgroup values, a result that accurately reflects the probable evolutionary relationships ( fig. 3 ; Heed et al. 1969) . Also, the evolutionary distance between D. yakuba, of the D. melanogaster group, and all the members of the D. obscura group becomes clear.
The lower tree in figure 3 gives the neighbor-joining tree based on transversion distance. As may be expected, the relationships within the D. afinis subgroup are not as well defined as when all differences are taken into account. Both trees in figure 3 suggest that the radiation of the Old-World members was initiated prior to the divergence of the D. pseudoobscura and D. afinis subgroups in North America. The main differences between the two trees are in the relative timings of these events and in the branching order of the members of the D. obscura subgroup. When all substitutions are used, D. ambigua becomes the closest relative to the North American species, while D. subobscura and D. bzjhciata form a separate branch ( fig. 3, top) . When only transversions are used, the D. obscura subgroup appears to form a monophyletic grouping separate from the North American subgroups. Relationships within the D. obscura subgroup are only weakly supported by the bootstrap results. Final resolution of the relationships between the endemic North American species and the members of the D. obscura subgroup will probably require analysis of (a) more members of the latter subgroup and (b) more genes.
A Time Scale for the D. obscura Group: Transversions
Because the contribution of transitions to the distance estimates is time dependent and changes significantly over the time span encompassed in this study ( fig. 3, bottom) , we confine our attention to transversions.
No published estimates exist for most of the evolutionary events that have occurred during the radiation of the D. obscura species group. A number of estimates have been made concerning the time of separation of the D. melanogaster and D. obscura groups, based on the meager fossil evidence and on biogeographic considerations. Throckmorton ( 1975) argued that the two species groups had separated by the mid Oligocene, 30-35 Mya. Beverley and Wilson ( 1984) attempted to calibrate a molecular clock based in part on Throckmorton's analysis, and they arrived at a divergence time for the two species groups of 46 Mya. Sharp and Li ( 1989) arrived at a somewhat younger age, ~40 Mya, for this event, on the basis of analysis of silent sites in nuclear and mitochondrial genes. Their purpose was to examine substitution rates. To be conservative, they chose to overestimate the divergence time in their calculations.
A less conservative estimate perhaps, might be 35 Mya. Thomas and Hunt ( 199 1) estimated the split at about 20.6 Mya, on the basis of sequence analysis of the alcohol dehydrogenase genes. If we assume that the rate of fixation of transversion substitutions has been approximately equal and constant in all lineages included in this study, we can compare molecular clocks based on each of these estimates.
Comparing the published sequences for the CO11 gene of D. melanogaster (de Bruijn 1983) and D. yakuba (Clary and Wolstenholme 1983) with the sequences of the D. obscura group species reported here gives a transversion divergence of 6.19%. Thus the rate of divergence for transversions is 0.13%-0.30% /Myr, and the rate of accumulation of transversions in a single lineage is half that, 0.07%-O. 15% /Myr. On the basis of these estimates, the major events in the evolution of the D. obscura group are summarized in table 4. In this table the only event for which an independent published estimate exists is the D. miranda-D. pseudoobscura divergence, which Latorre et al. ( 1988) gave as -4 Mya.
The assumption of rate constancy requires that this rate apply within the D. melanogaster group as well. The published sequences of the two species differ by 17 transversions . This analysis would place the divergence of D. melanogaster and D. yakuba at 8.5-19 Mya. Lachaise et al. ( 1988) have argued, primarily on the basis of biogeographic evidence, that this divergence occurred prior to the radiation of the D. erecta complex (which they place at -6 Mya) but after the separation of D. erecta from the remainder of the D. melanogaster complexes, ~15 Mya. Their analysis would suggest that the estimate of 46 Mya (Beverley and Wilson 1984) for the separation of the D. obscura group from the D. melanogaster group is excessive.
The radiation of the D. afinis subgroup is evidently quite recent. Even using the estimate of 46 Mya for the separation of the two species groups gives an average age of the members of the D. afinis subgroup of only 3.5 Myr (table 4), with the oldest species, D. azteca, diverging <6 Mya. In that time, a substantial level of reproductive isolation has arisen, including sterility of hybrid offspring, morphological abnormalities, or complete premating isolation (Patterson and Stone 1952, p. 392 ). The only cross producing fertile hybrid female offspring is that between females of D. algonquin and males of D. athabasca (Miller 194 1) .
Sequence Availability
One sequence for each of the species examined here has been deposited in GenBank under accession numbers M95 140-M95 152.
